Introduction
============

Carvedilol (CVD) (±)-\[3-(9H-carbazol-4-yloxy)-2-hydroxypropyl\]\[2-(2-ethoxyphenoxy) ethyl\] amine is an α~1~, β~1~, and β~2~-adrenergic receptor blocker. CVD is used for the treatment of essential hypertension and other cardiovascular disorders such as heart failure and myocardial infarction.[@b1-dddt-9-1379],[@b2-dddt-9-1379] CVD is a basic drug that exhibits pH-dependent solubility with a pKa value of 7.8. At acidic pH, CVD shows slight improvement of aqueous solubility as a result of drug ionization, but shows extremely low solubility at alkaline pH levels, which may hinder drug absorption in the small intestine and colon.[@b3-dddt-9-1379] CVD undergoes significant first-pass metabolism and also has poor aqueous solubility, resulting in low (about 30%) bioavailability.[@b4-dddt-9-1379],[@b5-dddt-9-1379]

Solubility problems are a major barrier for drug formulators, since about 40% of the marketed drugs are classified as practically insoluble.[@b6-dddt-9-1379] Several attempts have been made to improve the dissolution rate of CVD utilizing self-emulsifying and nanoemulsifying delivery systems, formation of inclusion complexes with cyclodextrins (CDs), and formulation as buccal sprays that have successfully improved the bioavailability of CVD.[@b7-dddt-9-1379]--[@b10-dddt-9-1379] In addition, improved CVD bioavailability has been observed following absorption from the buccal mucosa and the lower portions of the gastrointestinal tract.[@b11-dddt-9-1379],[@b12-dddt-9-1379]

The oral route is the most preferred route for drug administration.[@b13-dddt-9-1379] To avoid swallowing problems, orodispersible tablets (ODTs) were designed to disintegrate rapidly in saliva. This improves drug dissolution as well as the onset of clinical effect and pregastric absorption of drugs. Molecular dispersions, as solid dispersions, improve drug solubility through molecular dispersions of drug particles after carrier dissolution and improved drug wettability.[@b14-dddt-9-1379] This technique enhances the solubility of poorly soluble drugs, such as CVD, to meet the compendial requirements of ODTs.

Accordingly, the aim of this work focuses on improvement of the solubility of CVD and enhancement of its onset of effect through formulation of CVD as ODTs that disintegrate rapidly on contact with saliva. Response surface methodology was utilized to help in production of an optimized formulation of ODTs that have acceptable hardness, a shorter disintegration time, and maximum amount of CVD release. Box-Behnken design (BBD) was implemented to understand the formulation parameters that affect the preparation and characteristics of ODTs. Pharmacokinetic parameters of the optimized CVD-ODTs were compared with those of the presently marketed CVD tablets in rabbits. Successful achievement of this formulation could improve patient convenience and compliance because of its ease of administration, particularly for patients for whom swallowing of a conventional solid oral dosage form is a challenge.

Materials and methods
=====================

Materials
---------

CVD was supplied by Riyadh Pharma, Riyadh (Saudi Arabia) and α, β, γ, and hydroxylpropyl-β (HP-β) CDs were provided by Nihon Shokuhin Kako Co Ltd (Tokyo, Japan). Polyvinyl pyrrolidone (PVP) with average molecular weights of 44,000 (PVP K30), and 360,000 (PVP K90) were purchased from Fluka AG, Buchs SG, (Switzerland). Camphor was sourced from Koch-Light Laboratories Ltd (Coinbrook, England), microcrystalline cellulose (Avicel PH 101) from Fluka (Hach Lange, Ireland), sodium starch glycolate (Explotab) from JRS Pharma (Patterson, NY, USA), mannitol and magnesium stearate from Winlab (Market Harborough, UK), talc from Holyland (Saudi Arabia), and methanol from Sigma-Aldrich (Seelze, Germany). All other chemicals and solvents were of analytical grade.

Preparation of CVD binary systems
---------------------------------

Solid binary systems of CVD with different polymers, ie, PVP K30, PVP K90, and α, β, γ and HP-β-CD in different ratios were prepared by the kneading method.[@b15-dddt-9-1379],[@b16-dddt-9-1379] The calculated amounts of CVD and the hydrophilic polymers used were triturated in a mortar with a small volume of a solvent blend of water:methanol (1:1 v/v) to form a homogeneous slurry. The thick slurry formed was kneaded for 45 minutes then dried at 55°C in a hot air oven. The dried powder was then passed through mesh No 200.

Saturation solubility studies
-----------------------------

The effects of the solid dispersion and inclusion complex on the solubility of CVD were evaluated according to the Higuchi and Connors method.[@b17-dddt-9-1379] Briefly, excess amounts of pure CVD and CVD complexes were mixed with 10 mL of distilled water in screw-capped vials kept in a thermostatically controlled shaking water bath at 25°C±0.5°C for 48 hours. Samples were analyzed every day until equilibrium was reached. Thereafter, aliquots were withdrawn, filtered through a 0.22 μm filter, and assayed spectrophotometrically for drug content at 242.5 nm.

Differential scanning calorimetry
---------------------------------

Differential scanning calorimetry was used for thermal analysis of CVD alone and CVD mixed with ODTs excipients (2 mg samples) using aluminum crucibles in a dynamic nitrogen atmosphere (flow rate 50 mL per minute) and at a heating rate of 10°C per minute in the temperature range of 25°C--400°C.

Fourier transform infrared spectroscopy
---------------------------------------

Fourier transform infrared spectra were recorded on a Jasco FT IR-6100 spectrometer using KBr discs with a 2 cm^−1^ resolution in the range of 4,000--400 cm^−1^.

Application of BBD experimental design
--------------------------------------

To study the effects of different variables on the characteristics of the produced ODTs and optimize the process to obtain them with a minimum disintegration time, acceptable strength, and rapid release pattern, a three-level, three-factor BBD was used. These variables are the percentage of superdisintegrant, sodium starch glycolate (Explotab) X~1~, subliming agent (camphor) X~2~, and the used binder (Avicel) X~3~. The responses selected for evaluation and optimization were hardness of the prepared tablets (Y~1~), disintegration time (Y~2~), and cumulative amount of drug released after one hour (Y~3~). The design was performed with Statgraphics Plus^®^ For Windows (Manugistics Inc, Rockville, MD, USA). The design suggests 15 experimental runs. [Table 1](#t1-dddt-9-1379){ref-type="table"} summarizes the independent variables with their intervals and the dependent variables selected to perform the BBD.

Preparation of CVD-ODTs
-----------------------

Formulations of CVD-ODTs were prepared by the direct compression method. Fifteen tablet formulations of 250 mg total weight and containing drug complex equivalent to 12.5 mg CVD with different ratios of tablet excipients were prepared according to the formulations given in [Table 2](#t2-dddt-9-1379){ref-type="table"}. The obtained blend was directly compressed by7 mm flat round punches using a tablet machine (Erweka, GmbH, Heusenstamm, Germany).

Evaluation of the prepared ODTs
-------------------------------

The prepared CVD-ODTs were evaluated for visual appearance, uniformity of content and weight, thickness, hardness, friability, and in vitro disintegration according to US Pharmacopeia tests for tablets.[@b18-dddt-9-1379]

In vitro dissolution test
-------------------------

Drug release from the CVD-ODTs was determined by USP dissolution apparatus II (paddle) using a DT 700 LH device (Erweka). The dissolution medium was 900 mL of distilled water at 37°C±0.5°C containing 0.05% w/v sodium lauryl sulfate with stirring at 50 rpm. Samples of 5 mL were withdrawn at 5, 10, 15, 20, 30, 45, and 60 minutes and replaced with fresh dissolution medium at 37°C±0.5°C. The withdrawn samples were filtered and analyzed after appropriate dilution using an ultraviolet spectrophotometer at 242.5 nm.

Kinetic treatment of release data
---------------------------------

The release data for CVD were fitted to zero-order, first-order, Higuchi, and Korsmeyer--Peppas kinetic models.[@b19-dddt-9-1379]--[@b23-dddt-9-1379] The best fitted model was selected to describe the mechanism of drug release from the prepared ODTs.

In vivo and pharmacokinetic parameters
--------------------------------------

### Subject population

Male New Zealand white rabbits (2--2.5 kg) were administered a single oral dose of CVD (2.5 mg/kg). Animal use was approved by the unit of biomedical ethics, KAU which ensures that the care and use of animals conforms to the European Union Directive 2010/63/EU concerning the protection of animals used for scientific purposes.[@b24-dddt-9-1379] The rabbits were fasted for at least 24 hours prior to the experiment and were allowed free access to water. Animals were divided into three groups (6 animals/group). The first two groups received the optimized CVD-ODTs and the commercial tablets. The study was carried out using a crossover design with a washout period of 7 days between the two doses. During the first phase, rabbits received crushed tablets containing either the reference product (commercial tablet) or the test product (optimized formula of CVD-ODTs) suspended in water. In the second phase, rabbits that received the test product first were administered the reference product or vice versa. The reference product was administered orally in distilled water via a catheter. A third group was administered plain crushed tablets orally as a negative control.

### Sample collection

Blood samples (0.5 mL) were withdrawn from the marginal ear vein of each rabbit at 0, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12, 18, and 24 hours after oral administration of the test/reference product. Next, the blood samples were centrifuged at 3,500 rpm for 5 minutes and then analyzed by high-performance liquid chromatography (HPLC).

### Chromatographic conditions

Determination of CVD in plasma was done using a modified HPLC method.[@b25-dddt-9-1379] An Agilent 1200 series HPLC apparatus (Agilent, Waldbronn, Germany) was used with a tandem mass spectrometry detector system. The mobile phase was a mixture of acetonitrile and 0.1% formic acid (70:30, v/v) at a flow rate of 0.25 mL per minute.

Pharmacokinetic analysis
------------------------

Pharmacokinetic parameters were estimated from the plasma data following oral administration of each of the two formulations. The maximum plasma concentration (C~max~) and time taken to reach maximum plasma concentration (t~max~), elimination rate constant (K~e~), half-life, mean residence time, and area under the plasma concentration-time curve (AUC~0--∞~) after oral administration were determined. The data are expressed as the mean ± standard deviation and were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Two-way analysis of variance followed by Sidak's multi-comparison were used to assess the difference and a *P*-value \<0.05 was considered to be statistically significant.

Results and discussion
======================

Solubility of CVD binary system
-------------------------------

The results of the saturation solubility studies are presented in [Figure 1](#f1-dddt-9-1379){ref-type="fig"}. The solubility of the pure drug in distilled water was found to be 7.323 mg/mL. The solubility of CVD was improved after preparation of a solid dispersion using PVP (K30 and K90) in different ratios to reach 22.667 mg/mL for a PVP K90 1:3 (w/w) ratio. On the other hand, inclusion complexes of CVD with α-CD in 1:2 and β-CD in 1:1 and 1:2 molar ratios decreased the solubility of the drug to 3.584, 5.255, and 5.213 mg/mL, respectively. The CVD solubility improved more than three-fold after complexation with HP-β-CD in a 1:2 molar ratio ([Figure 1](#f1-dddt-9-1379){ref-type="fig"}). These results indicate more improvement in CVD solubility when it was complexed with HP-β-CD as compared with the other CD derivatives studied. This finding is attributed to the fact that the CVD molecule contains two well separated benzene groups which may individually complex with HP-β-CD. The availability of this appropriate geometry of CVD with HP-β-CD in water causes the nonpolar aromatic portions of CVD to be more likely to enter the nonpolar cavity of the HP-β-CD molecule, thereby improving CVD aqueous solubility.[@b26-dddt-9-1379],[@b27-dddt-9-1379]

Differential scanning calorimetry
---------------------------------

The thermal behavior of pure CVD and the binary mixtures are shown in [Figure 2](#f2-dddt-9-1379){ref-type="fig"}. The differential scanning calorimetry thermogram of CVD indicates a sharp endothermic peak (T~peak~ 113.82°C) corresponding to its melting point, which is in agreement with values reported in the literature.[@b28-dddt-9-1379] However, this characteristic peak was retained in all the binary mixtures, but nearly disappeared in the thermogram for the HP-β-CD complex, indicating that CVD forms an inclusion complex with HP-β-CD. These observations are again in agreement to those reported in the literature.[@b29-dddt-9-1379]

Fourier transform infrared spectroscopy
---------------------------------------

The Fourier transform infrared spectra for CVD and the binary mixtures of CVD with Avicel, mannitol, camphor, and Explotab, as well as for the inclusion complex of CVD with HP-β-CD in a 1:2 molar ratio are presented in [Figure 3](#f3-dddt-9-1379){ref-type="fig"}. Characterization of the inclusion complex by the infrared spectroscopy method showed that there was a difference in the spectrum for CVD and that for its inclusion complex with HP-β-CD. Specific absorbance of CVD is in the range of 3,500--3,000 cm^−1^ for vibration of N-H; 3,050--2,950 cm^−1^ for vibration of C-H; 1,600--1,480 cm^−1^ for vibration of aromatic C=C; 1,454--1,444 cm^−1^ for vibration of C-N; 1,403--1,256 cm^−1^ for vibration of the phenyl ring of C-C; and 1,040--800 cm^−1^ for vibration of substituted benzene rings for CVD.[@b30-dddt-9-1379] Significant differences were observed in the inclusion complex spectrum, for instance: aromatic C=C vibration at 1,589.74 cm^−1^ and 1,502.21 cm^−1^ as well as the vibration of C-N at 1,447.49 cm^−1^ were disappeared from the spectrum of the inclusion complex of CVD with HP-β-CD. In addition, the N-H vibration of the CVD HP-β-CD complex at 3,340.79 cm^−1^ was slightly broadened and the band of the CH stretching region at 2,923.21 cm^−1^ was merged and broadened. The disappearance of vibration intensity in the CVD spectrum could have occurred as a result of the interaction between CVD with HP-β-CD and formation of an inclusion complex that would disturb vibration. Generally, band broadening and merging can be explained by the possibility of intermolecular arrangements due to conversion of the sample from a crystalline state to an amorphous state. Moreover, it was found that there was no change in CVD diagnostic bands when mixed with ODTs excipients as binary mixtures ([Figure 3](#f3-dddt-9-1379){ref-type="fig"}). Accordingly, it can be postulated that only weak van der Waals or hydrogen forces are involved in binding of CVD to the excipients used in the preparation of ODTs.

Evaluation of the prepared ODTs
-------------------------------

The prepared tablet formulations were evaluated for the different parameters to ensure uniformity and compatibility of the prepared tablets with compendial requirements (see [Table 3](#t3-dddt-9-1379){ref-type="table"}). The weight of each tablet showed variability of no more than 1%, which met the specification of the USP limits. The average weight of the 15 formulations was found to be in the range of 240.3--243.5 mg. Thickness, hardness, friability, and in vitro disintegration time of all the tablet formulations ranged from 3.178 to 3.290 mm, 4.412 to 5.35 kg/cm^2^, 0.129% to 0.984%, and 18 to 87 seconds, respectively. According to the European Pharmacopoeia, ODTs should disintegrate within 3 minutes, so all the prepared tablets met the pharmacopeial requirement. Friability for the CVD tablet formulations was less than 1.0%. Drug content of all the formulations was in the range of 95.79%--104.40%. These results support the reproducibility of the CVD formulation and tableting process used in this study.

In vitro dissolution studies
----------------------------

The in vitro dissolution results are presented in [Figure 4](#f4-dddt-9-1379){ref-type="fig"}. Sodium lauryl sulfate was added to the dissolution medium to maintain sink conditions and enhance the solubility of CVD at higher pH, as recommended by the US Food and Drug Administration for lipophilic drugs.[@b31-dddt-9-1379] All formulations showed cumulative CVD release of at least 89.22% within 60 minutes. Thus, it can be concluded that the prepared CVD-ODTs are a better alternative to the currently used conventional CVD tablet.

Kinetic treatment of the in vitro release data
----------------------------------------------

The goodness-of-fit method was used to study the release behavior of CVD from the different ODT formulations. In all formulations, zero-order equation showed higher correlation coefficient (r) compared with first-order and Higuchi's square-root of time equations ([Table 4](#t4-dddt-9-1379){ref-type="table"}).

The highest release rate constant (K) according to zero-order kinetics was 1.57 per hour as shown in F6 ([Table 4](#t4-dddt-9-1379){ref-type="table"}), which was related to the high tablet erosion rate during the dissolution test. The semi-empirical equation M~t~/M~∞~ = Kt^n^ was used to determine the drug release mechanism.[@b32-dddt-9-1379] In all cases, the exponent "n" ranged between 0.669 and 0.727 ([Table 4](#t4-dddt-9-1379){ref-type="table"}). These values indicate non-Fickian or anomalous release, suggesting that release is controlled by a combination of diffusion and polymer relaxation.

Response surface methodology for optimization of CVD-ODTs
---------------------------------------------------------

A three-factor, three-level BBD was constructed to evaluate the effects of the ingredients in the formulation on the hardness, disintegration time, and in vitro release of CVD from ODTs. Statistical analysis of BBD batches was performed to estimate the quantitative effects of the factors X~1~--X~3~. Two-way analysis of variance and factors, estimated effects of factors and associated *P*-values for (Y~1~--Y~3~) are presented in [Table 5](#t5-dddt-9-1379){ref-type="table"}. According to these results, X~1~ had no significant effect on Y~1~, but had a significant antagonistic effect on Y~2~ (*P*=0.0001) and a significant synergistic effect on Y~3~ (*P*=0.0002). Also, it was found that X~2~ had a significant antagonistic effect only on Y~1~ (*P*=0.0137). On the other hand, X~3~ has a significant synergistic effect on Y~1~ *(P*=0.0002) and a significant antagonistic effect on Y~3~ (*P*=0.0240), with no significant effect on Y~2~. In addition, Y~2~ was significantly affected by the antagonistic effects of X~1~, the interaction term X~2~X~3~ and the quadratic term of X~1~ and X~2~ (*P*=0.0001, *P*=0.0132, *P*=0.0417, and *P*=0.0470, respectively). Whereas, Y~2~ was significantly affected by the synergistic effect of the interaction term X~1~X~3~ and the quadratic term of X~3~ with *P*=0.0147 and *P*=0.0434, respectively.

The values for the responses (Y~1~--Y~3~) of the ODTs were analyzed using Statgraphics Plus For Windows software and the mathematical model for each response was generated. The results of the multiple linear regression analysis for each response variable derived by the best fit method are shown in [Equations 2](#fd2-dddt-9-1379){ref-type="disp-formula"}--4: $$\text{Hardness}\ (Y_{1}) = 3.699 + 0.252X_{1} + 0.053X_{2} - 0.022X_{3} - 0.016X_{1}{}^{2} + 0.018X_{1}X_{2} - 0.005X_{1}X_{3} - 0.018X_{2}{}^{2} - 0.008X_{2}X_{3} + 0.003X_{3}{}^{2}$$ $$\text{Disintegration~time}\ (Y_{2}) = 189.875 - 1.958X_{1} + 48.75X_{2} - 14.208X_{3} - 6.792X_{1}{}^{2} + 4.5X_{1}X_{2} + 1.75X_{1}X_{3} - 6.542X_{2}{}^{2} - 1.8X_{2}X_{3} + 0.268X_{3}{}^{2}$$ $$\text{In~vitro~release}\ (Y_{3}) = 77.185 + 2.233X_{1} + 6.841X_{2} - 0.606X_{3} + 0.252X_{1}{}^{2} - 1.098X_{1}X_{2} + 0.109X_{1}X_{3} - 0.063X_{2}{}^{2} - 0.013X_{2}X_{3} - 0.003X_{3}{}^{2}$$

[Equations 1](#fd1-dddt-9-1379){ref-type="disp-formula"}--[3](#fd3-dddt-9-1379){ref-type="disp-formula"} reflect the quantitative influence of the formulation variables, ie, percentage superdisintegrant (X~1~), percentage subliming agent (X~2~), and percentage binder (X~3~), and their interactions on the responses, ie, hardness (Y~1~), disintegration time (Y~2~), and in vitro release (Y~3~).

Pareto charts and main effects plots ([Figure 5](#f5-dddt-9-1379){ref-type="fig"}) are used to demonstrate the effect (in decreasing order of importance) of the independent variables and their interactions on the dependent variables. The chart includes a vertical reference line at the critical *P*-value of 0.05. An effect that exceeds the vertical line is considered to be statistically significant. The fact that the bar for the variable X~1~ extends after the reference line and has a relatively larger coefficient in the regression equations for both Y~2~ and Y~3~. As shown in [Figure 5](#f5-dddt-9-1379){ref-type="fig"}, X~1~ has an antagonistic effect on the disintegration time (Y~2~) and a synergistic effect on in vitro release (Y~3~). On the other hand, the variable X~2~ has a significant effect only on the hardness of the tablets (Y~1~) and its quadratic term has a significant effect on the disintegration time (Y~2~). The variable X~3~ has a significant effect on Y~1~ and Y~3~, indicating that the binder percentage (Avicel) has a significant effect in increasing both tablet hardness and decreasing the in vitro release of CVD from the ODTs after 60 minutes.

Effects on hardness (Y~1~)
--------------------------

The Y~1~ response ranged from 4.41 kg/cm^2^ for F12 to 5.35 kg/cm^2^ for F11, as shown in [Table 3](#t3-dddt-9-1379){ref-type="table"}. It was found that X~3~ has the main effect on determining the hardness of the formulation, as seen in the main effect plot for Y~1~ ([Figure 5](#f5-dddt-9-1379){ref-type="fig"}). A direct relationship was found between X~3~ and Y~1~. Increasing X~3~ from 15% to 25% increased Y~1~ for the CVD-ODTs from 4.51 kg/cm^2^ in F5 to 5.21 kg/cm^2^ in F4 and from 4.41 kg/cm^2^ in F12 to 4.99 kg/cm^2^ in F8. This may be explained by the increase in binding effect of Avicel, which is in agreement with previous work.[@b33-dddt-9-1379],[@b34-dddt-9-1379] On the other hand, an inverse relationship was found between X~2~ and Y~1~, ie, an increase in X~2~ percent will decrease Y~1~. This finding was deduced from the increase in Y~1~ from 4.77 kg/cm^2^ to 4.93 kg/cm^2^ with the decrease of X~2~ from 4% to 2%. This finding can be verified by the results of F1 and F7 that have a hardness of 4.75 kg/cm^2^ and 4.52 kg/cm^2^, respectively. This may be attributed to the presence of camphor in high concentration that increases the porosity of the tablets and consequently decreases the hardness of the tablets produced.[@b35-dddt-9-1379]--[@b37-dddt-9-1379] Finally, the rest of the variables, their interactions, and the quadratic terms have no significant effects on hardness (Y~1~).

Effects on disintegration time (Y~2~)
-------------------------------------

The Y~2~ response ranged from 18 seconds in F2 to 87 seconds in F5, as shown in [Table 3](#t3-dddt-9-1379){ref-type="table"}. It was found that X~1~ was the main factor responsible for the difference in disintegrating times of the formulations, as displayed in the main effect plot for Y~2~ ([Figure 5](#f5-dddt-9-1379){ref-type="fig"}). There was an inverse relationship between X~1~ and Y~2~. As X~1~ increased from 4% to 6%, Y~2~ decreased from 75 seconds (F1) to 24 seconds (F6), from 51 seconds (F7) to 18 seconds (F2), and from 67 seconds (F4) to 41 seconds (F3). From these results, it is obvious that the increase in X~1~ markedly decreases Y~2~, and that could be attributed to the ability of Explotab to swell in the prepared formulations; Explotab absorbs water rapidly, resulting in swelling that leads to rapid disintegration of tablets.[@b38-dddt-9-1379] Finally, the results revealed that Y~2~ is significantly affected by the interaction terms X~2~X~3~, X~1~X~3~, and the quadratic terms of X~1~, X~2~, and X~3~.

Effects on the cumulative % release (Y~3~)
------------------------------------------

The in vitro dissolution data for all the CVD-ODT formulations are shown in [Figure 4](#f4-dddt-9-1379){ref-type="fig"}. It is evident from the dissolution profiles that all formulations had a rapid and complete dissolution profile. The Y~3~ response ranged from 89.22% in F1 to 99.72% in F5, as seen in [Figure 4](#f4-dddt-9-1379){ref-type="fig"}. X~1~ and X~3~ were found to have the main effect on determining release of CVD from the ODTs. There was a direct relationship between X~1~ and Y~3~. As the percentage of X~1~ increased from 4% to 6%, Y~3~ increased from 89.22% in F1 to 98.69% in F6, from 93.61% in F7 to 98.69% in F2, and from 89.26% in F4 to 97.64% in F3. From these results, the increase in X~1~ markedly increased the release of CVD from ODTs. This could be related to Explotab's porous structure that allows highest water absorption ratio, rapid rate of water uptake, and enhanced wetting of tablets.[@b39-dddt-9-1379] In contrast, when X~3~ increased from 15% to 25%, Y~3~ decreased from 99.72% in F9 to 97.64% in F3, from 93.52% in F5 to 89.26% in F4, and from 95.02% in F10 to 93.75% in F11, which can be attributed to the increased tablet hardness resulting from the increase in percentage of Avicel in the formulation. This prolongs the disintegration time and subsequently reduces the amount of drug released. Three-dimensional response surface plots and the contours of these estimated response surfaces ([Figure 6](#f6-dddt-9-1379){ref-type="fig"}) were determined graphically using the software to understand the relationship between the studied factors and the obtained responses.

Prediction of the optimized formulation
---------------------------------------

Analysis of experimental parameters was carried out to compromise the studied responses in order to reach an optimium combination of factor levels. Accordingly, this combination will maximize the desirability function over the indicated region of the obtained data. To confirm the validity of the calculated optimal parameters and the predicted responses, the responses at optimal combination of independent factors were carried out. [Table 6](#t6-dddt-9-1379){ref-type="table"} illustrates the optimal calculated parameters, the observed and predicted responses, and the residual values for the responses. From these results, it can be concluded that the optimized combination of independent factors ensured the desired hardness, disintegration time, and drug release profile. In addition, this finding verified the reliability of the optimization procedure with regard to maximizing the hardness of the ODTs, shortening the disintegration time to fulfill pharmacopeial requirements, and improving the amount of CVD released within 60 minutes via the direct compression method.

In vivo and pharmacokinetic evaluation in rabbits
-------------------------------------------------

An in vivo study was done to compare the pharmacokinetics of CVD from the optimized ODT formulation with those of the marketed CVD tablet. A single dose of CVD (2.5 mg/kg) was given to New Zealand white rabbits according to a double-blind, randomized, crossover design.

The mean plasma concentration-time profiles of CVD after oral administration of a single dose (2.5 mg/kg) of the optimized CVD-ODT formulation and the marketed tablet are shown in [Figure 7](#f7-dddt-9-1379){ref-type="fig"}. C~max~, t~max~, AUC~0--24~, half-life, K~el~, and mean residence time for CVD from these formulations are summarized in the inset table of [Figure 7](#f7-dddt-9-1379){ref-type="fig"}.

The results indicated that the bioavailability (F) of the ODT formulation when compared with that of the marketed tablet was 101.992%. These data indicate that the ODT slightly improved the bioavailability of CVD in comparison with the marketed tablet. On the other hand, the in vivo data showed that the oral absorption of CVD from the ODT formulation was markedly higher than that of the marketed tablet as a result of the significant improvement in C~max~ from 363.667 to 496.4 ng/mL for the marketed tablet and the optimized CVD-ODT formulation, respectively. Moreover, the t~max~ of the ODT decreased to 2 hours, compared with the t~max~ of 4 hours for the marketed tablet. This leads to acceleration of the onset of action for the ODT when compared with the marketed tablet.

Analysis of variance showed significant (*P*\<0.0001) differences between samples taken from the two groups of rabbits during the absorption phase at 0.5, 1, 1.5, 2, and 3 hours, indicating significant enhancement achieved by the ODT. The inclusion complex of CVD with HP-β-CD formulated as oral disintegrating tablets allows for higher apparent solubility, thereby increasing both the dissolution rate and the concentration of drug available for absorption.[@b40-dddt-9-1379] Based on these results, the inclusion complex of CVD with HP-β-CD as well as its formulation as an ODT is a promising method for enhancing the solubility and oral absorption of CVD.

Conclusion
==========

The results of this study showed that preparation of solid binary systems of CVD with HP-β-CD in a molar ratio of 1:2 improves drug solubility by more than three-fold. BBD was used to evaluate the independent variables producing optimum ODT properties. The percentage of the superdisintegrant (sodium starch glycolate) had the main effect in achieving the desired tablet properties, in addition to the subliming agent (camphor) used and the concentration of the incorporated binder (Avicel). Optimized combination of independent factors maximized the hardness of the ODT, shortened the disintegration time to fulfill pharmacopeial requirements and increased the amount of CVD released within 60 minutes. Comparison of the pharmacokinetics of the optimized CVD-ODT with that of the marketed tablet in healthy rabbits showed a significant improvement in the onset of action of CVD after oral administration of the optimized formulation due to enhancement of drug solubility and subsequently accelerated drug absorption.
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![Solubility of CVD in solid dispersion and complexes with different polymers in different ratios. Values in the figure indicate highest and lowest solubility of binary complex compared with the raw CVD value.\
**Notes:** Solid dispersion polymers used were PVP K30 and PVP K90 with average molecular weights of 44,000, and 360,000, respectively. CVD was complexed with α, β, γ, and HP-β CD.\
**Abbreviations:** PVP, polyvinyl pyrrolidone; HP, hydroxylpropyl; CD, cyclodextrin; CVD, carvedilol.](dddt-9-1379Fig1){#f1-dddt-9-1379}

![Differential scanning calorimetry thermograms of carvedilol and various binary systems.\
**Abbreviations:** HP, hydroxylpropyl; CD, cyclodextrin.](dddt-9-1379Fig2){#f2-dddt-9-1379}

![Fourier transform infrared spectra of carvedilol alone, with HP-β-CD as a complex, and as binary mixtures with Explotab, camphor, Avicel, and mannitol.\
**Abbreviations:** HP, hydroxylpropyl; CD, cyclodextrin.](dddt-9-1379Fig3){#f3-dddt-9-1379}

![In vitro release profiles for CVD-ODT formulations prepared according to a Box-Behnken design. As a result of overlapping, error bars are omitted for clarity.\
**Abbreviations:** CVD, carvedilol; ODT, orodispersible tablet.](dddt-9-1379Fig4){#f4-dddt-9-1379}

![Standardized Pareto charts and main effect plots for Y~1~, Y~2~ and Y~3~.\
**Abbreviations:** Y~1~, hardness of the prepared tablets; Y~2~, disintegration time; Y~3~, cumulative amount of drug released after one hour.](dddt-9-1379Fig5){#f5-dddt-9-1379}

![Estimated response surfaces with contour plots showing the effects of X~1~, X~2~, and X~3~ on the dependent variables (Y~1~--Y~3~)\
**Abbreviations:** X~1~, percentage of Explotab; X~2~, percentage of camphor; X~3~, percentage of Avicel; Y~1~, hardness of the prepared tablets; Y~2~, disintegration time; Y~3~, cumulative amount of drug released after one hour.](dddt-9-1379Fig6){#f6-dddt-9-1379}

![Mean plasma concentration-time profiles for CVD and pharmacokinetic parameters (inset) after oral administration of a single dose (2.5 mg/kg) of the marketed tablet and the CVD-ODT formulations.\
**Notes:** Data represent the mean value ± standard deviation (n=6).\
**Abbreviations:** CVD, carvedilol; ODT, orodispersible tablet; AUC, area under the time--concentration curve; C~max~, maximum plasma concentration; K~el~, elimination rate constant; MRT, mean residence time; SMV, simvastatin; t~1/2~, half-life; T~max~, time to reach C~max~.](dddt-9-1379Fig7){#f7-dddt-9-1379}

###### 

Independent and dependent variables in Box-Behnken design

  Independent variables           Levels                       
  ------------------------------- ----------------- ---------- ----------
  Explotab percentage             4                 5          6
  Camphor percentage              2                 3          4
  Avicel percentage               15                20         25
  **Dependent variables**         **Constraints**              
  **Low**                         **High**          **Goal**   
  Hardness (kg/cm^2^)             4.41              5.35       Maximize
  Disintegration time (seconds)   18                87         Minimize
  Release at one hour (%)         89.22             99.72      Maximize

###### 

Composition of the orodispersible tablet formulations of carvedilol

  Formulation   Drug complex (mg)   Explotab (mg)   Camphor (mg)   Avicel (mg)   Mannitol (mg)
  ------------- ------------------- --------------- -------------- ------------- ---------------
  F1            100                 10              5              50            80
  F2            100                 15              10             50            70
  F3            100                 15              7.5            62.5          60
  F4            100                 10              7.5            62.5          65
  F5            100                 10              7.5            37.5          95
  F6            100                 15              5              50            75
  F7            100                 10              10             50            75
  F8            100                 12.5            10             62.5          60
  F9            100                 15              7.5            37.5          75
  F10           100                 12.5            5              37.5          90
  F11           100                 12.5            5              62.5          65
  F12           100                 12.5            10             37.5          85
  F13           100                 12.5            7.5            50            75
  F14           100                 12.5            7.5            50            75
  F15           100                 12.5            7.5            50            75

###### 

Characteristics of the orodispersible tablet formulations of carvedilol

  Formula   Weight (mg)   Thickness (mm)   Hardness (kg/cm^2^)   Friability (%)   Drug content (%)   Disintegration time (seconds)
  --------- ------------- ---------------- --------------------- ---------------- ------------------ -------------------------------
  F1        246.2±3.25    3.20±0.00        4.75±0.29             0.354            95.79±0.04         75.3±4.93
  F2        240.9±1.44    3.20±0.01        4.77±0.39             0.605            96.07±0.11         18.0±2.64
  F3        240.5±1.26    3.20±0.01        5.13±0.38             0.407            104.31±0.05        41.0±2.64
  F4        242.9±2.13    3.22±0.02        5.21±0.45             0.726            96.35±0.04         67.0±4.0
  F5        241.3±1.56    3.21±0.01        4.51±0.30             0.461            104.6±0.05         87.0±3.0
  F6        242.0±2.26    3.21±0.01        4.93±0.23             0.139            104.4±0.04         24.0±3.60
  F7        240.6±0.84    3.23±0.01        4.52±0.31             0.476            95.97±0.05         51.0±3.60
  F8        240.5±1.26    3.23±0.02        4.99±0.21             0.259            96.35±0.11         46.3±2.51
  F9        241.1±0.99    3.22±0.01        4.53±0.35             0.945            96.25±0.05         26.0±4.0
  F10       242.7±2.71    3.25±0.01        4.62±0.44             0.984            96.63±0.07         47.0±5.0
  F11       243.5±2.54    3.23±0.01        5.35±0.23             0.129            103.9±0.04         65.3±3.06
  F12       243.0±4.52    3.18±0.33        4.41±0.18             0.843            103.9±0.07         64.0±2.0
  F13       242.4±1.77    3.27±0.01        4.83±0.21             0.680            101.1±0.07         55.0±3.0
  F14       242.2±1.87    3.26±0.01        4.79±0.16             0.678            102.7±0.28         58.0±5.56
  F15       240.3±0.94    3.29±0.01        4.71±0.18             0.665            101.1±0.07         53.0±1.73

**Notes:** Data are expressed as the mean ± standard deviation (n=10).

###### 

Kinetic treatment of the orodispersible tablet formulations of carvedilol

  Formulation   r       n        K (per hour)           
  ------------- ------- -------- -------------- ------- -------
  F1            0.997   −0.984   0.992          0.669   1.335
  F2            0.993   −0.938   0.988          0.702   1.511
  F3            0.992   −0.956   0.988          0.701   1.497
  F4            0.997   −0.981   0.990          0.673   1.342
  F5            0.985   −0.971   0.977          0.712   1.500
  F6            0.990   −0.941   0.978          0.727   1.574
  F7            0.983   −0.969   0.975          0.713   1.506
  F8            0.986   −0.972   0.979          0.710   1.500
  F9            0.994   −0.900   0.988          0.704   1.530
  F10           0.986   −0.971   0.979          0.713   1.516
  F11           0.984   −0.971   0.978          0.709   1.497
  F12           0.987   −0.970   0.980          0.715   1.530
  F13           0.990   −0.970   0.980          0.714   1.520
  F14           0.990   −0.970   0.980          0.720   1.530
  F15           0.985   −0.970   0.976          0.712   1.503

**Notes:** r, correlation coefficient; n, drug release mechanism regression; K, zero-order release rate constant.

###### 

Estimated effects of factors and associated *P*-values for (Y~1~ -- Y~3~) responses

  Factor      Y~1~     Y~2~                                                 Y~3~                                                                  
  ----------- -------- ---------------------------------------------------- -------- ---------------------------------------------------- ------- ----------------------------------------------------
  X~1~        0.093    0.2107                                               −42.75   0.0001[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   7.28    0.0002[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}
  X~2~        −0.24    0.0137[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   −8.00    0.0648                                               1.43    0.1011
  X~3~        0.653    0.0002[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   −1.25    0.7274                                               −2.29   0.0240[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}
  X~1~^2^     −0.032   0.7521                                               −13.58   0.0417[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   0.50    0.6516
  X~1~ X~2~   0.035    0.7168                                               9.00     0.1193                                               −2.20   0.0817
  X~1~ X~3~   −0.05    0.6069                                               17.5     0.0147[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   1.09    0.3296
  X~2~^2^     −0.037   0.7150                                               −13.08   0.0470[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   −0.13   0.9093
  X~2~ X~3~   −0.075   0.4481                                               −18.00   0.0132[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   −0.13   0.9026
  X~3~^2^     0.168    0.1362                                               13.42    0.0434[\*](#tfn3-dddt-9-1379){ref-type="table-fn"}   −0.16   0.8843

**Note:**

Significant effect of factors on individual responses.

**Abbreviations:** X~1~, percentage of Explotab; X~2~, percentage of camphor; X~3~, percentage of Avicel; Y~1~, hardness of the prepared tablets; Y~2~, disintegration time; Y~3~, cumulative amount of drug released after one hour.

###### 

Optimal calculated variables and observed, predicted and residual values for responses

  Variables             Optimum   Responses                       Predicted   Observed   Residuals
  --------------------- --------- ------------------------------- ----------- ---------- -----------
  Percentage Explotab   5.99      Hardness (kg/cm^2^)             5.18        5.27       −0.09
  Percentage camphor    2.0       Disintegration time (seconds)   32.09       31.33      0.76
  Percentage Avicel     23.63     Release at one hour (%)         98.65       98.70      −0.05
